Abstract-The absorption of biologically important purines, pyrimidines, and nucleosides by Li-, N a-, Mg-, and Ca-montmorillonite has been studied in aqueous solutions over a range of pH values 2-12. The initial organic concentrations were about 1 m.molar. The ratio clay to organic compounds was such that only up to 25 per cent of the exchange capacity could be saturated by organic cations, but, depending on conditions, up to 100 per cent of the available organic material was absorbed. Of the nineteen compounds studied, only thymine, uracil, and their nucleosides were not absorbed under the experimental conditions. Absorption occurs primarily as a cation exchange reaction under acid conditions and varies with the basicity of the compounds, their aromatic or non-aromatic character, and the possible extent of their van der Waals interaction with the silicate layers. Nucleosides generally are less strongly absorbed than their purines or pyrimidines because their non-planar structure permits less van der Waals interaction; their absorption is influenced by the differences in swelling behavior of montmorillonite with mono-and divalent cations.
INTRODUCTION
IN THIS and the following paper, results are reported for the absorption of a number of biochemically important molecules from aqueous solutions by montmorillonite saturated with various cations. The work was undertaken to test and possibly to amplify earlier suggestions (Bernal, 1951) that organic absorption on clay minerals may have played an important part in the initial development of living forms. Under the stimulus of ultraviolet light, simple molecules such as H20, CO2, NH3 .... present in the primitive earth, could have given rise to simple organic molecules. Bernal (1951, p. 33) stated: "Condensations and dehydrogenations are bound to lead to increasingly unsaturated substances and ultimately to simple and possibly even to condensed ring structures, almost certainly containing nitrogen, such as the pyrimidines and purines." He considered that absorption of these compounds on clay minerals might have been important in concentrating the simple organic molecules in an ordered manner and bringing them into a state where further polymerisation and synthesis would be possible. Bernal's ideas have been discussed by other authors (Oparin, 1957; Hofmann, 1961; CairnsSmith, 1966 ) but the only experimental work known to the present authors has been by Steinman (1966 and private communication) who has obtained very promising results on the polymerisation of amino acids in the presence of clay minerals.
EXPERIMENTAL
The absorption isotherms of various nucleicacid related pyrimidines, purines, and nucleosides have been determined in relation to pH and the exchangeable cations Li +, Na +, Mg 2+, and Ca 2+, and, in the following paper, Fe 3+, Co 2+, NF +, and Cu 2+. The organic compounds studied are listed in the Appendix with their formulae, molecular weights and pKa values.
Preparation of the various montmorillonites
A refined white bentonite (montmorillonite) from Texas, supplied by the Georgia Kaolin Co., was fractionated to give < 1/~ particle size material. Li-and Na-saturated forms were prepared by treating the clay two times for 24 hr with 2N solutions of the chlorides and 0.05 M solution of tartaric acid with approx 30g clay/1. The tartaric acid was added to keep exchangeable AP + in solution. After the second treatment, the clay was washed Cl-free by centrifugation and then by dialysis. The Na-or Li-montmorillonite was then treated three times for 24 hr. with 1 N chloride solutions of the other cations named above. All clays except Fe-montmorillonite were then dialyzed at 60~ since at elevated temperatures the dialysis goes much more rapidly. After they appeared CIfree by the silver nitrate test, the water was changed 285 five times more. Fe-montmorillonite was washed by centrifuging at room temperature.
The concentration of the montmorillonites in suspension was determined by evaporating an aliquot of each suspension and heating the sample at 150~ in vacuum over liquid N2 for 24 hr.
The exchangeable cations in the various clays were determined after exchange with 0.7 N BaCI2 solution (for the Fe-exchange, tartaric acid was added) by means of emission spectroscopy and flamephotometry. The results were as follows:
Li-and Na-montmorillonite: 95 meq/100 g of Li + or Na +, 1 meq/100 g of Mg 2+ + Ca 2+ Mg-, Ca-, Co-, Ni-, and Cu-montmorillonite: 100 meq/100 g of the main cation < 5 meq/100 g of other cations
Fe-montmorillonite: 107 meq/100 g of Fe 3+, no other cations.
The supernatant of the Fe-montmorillonite suspension had pH 4.8.
Absorption experiments
To 5 ml of 6.5 m.M aqueous solutions of the organic compounds, various amounts of HC1 or NaOH and H20 were added to give a volume of 20 ml and various pH values. To these solutions, 5 ml of a clay suspension (-27 g dry clay/l.) were added to yield an initial concentration of the organic material of about 1 m.M. Relatively small proportions of the organic compounds were used in order to achieve equilibrium quickly and also to have conditions approximating more closely to those which may have existed on a primitive earth. The ratio of organic compounds to montmorillonite was such that only approx. 25 per cent of the exchange capacity could be saturated by organic cations if 100 per cent of the organic molecules were absorbed. Under these conditions, equilibrium was achieved within 10-15 hr whereas with twice the amount of organic, it took more than 2 weeks to reach equilibrium.
After reaching equilibrium the suspensions were centrifuged for 45 min at 14,000 rpm with a Sorvall SS-I highspeed angle centrifuge. Aliquots of the supernatant solutions were diluted with buffer solutions and the concentration of the remaining organic material was determined with a Beckman DU ultraviolet spectrophotometer. The pH's of the supernatant solutions were determined with a Beckman Expandomatic pH-meter.
The accuracy in the measurement of organic concentration is better than --+1 per cent with Mgand Ca-montmorillonite, and with Li-and Namontmorillonite in the acidic range. In the neutral and alkaline pH ranges, the Li-and Na-montmorillonite are not completely removed from the solutions even after long periods of high-speed centrifugation and therefore contribute some error in the recorded values of "percentage absorbed." The accuracy of the pH measurements was about _+0.05 below pH 5, and about_+0.1 above pH 5.
X-ray investigations
The nature of the expanded state of the montmorillonite under the conditions of the absorption experiments was examined by X-ray diffraction with the clay in equilibrium with the organic solution. The clay suspensions were brought into glass capillaries (0.5 mm dia. 0.01 mm wall thickness; supplied by Unimex-Caine Corp., Chicago), the capillaries sealed with Picein wax and X-rayed in a Norelco powder camera, dia. 11.46 cm, with a modified beam trap to allow the observation of reflections from basal spacings up to 40 ,~. A few dried oriented samples also were examined with the X-ray diffractometer.
RESULTS

Absorption isotherms
The absorption isotherms, except those for uracil, thymine, thymidine, and uridine which under the given conditions were not absorbed in the range from pH 1.7-11, are given in Figs. 1-3.
Similar results for some of the compounds investigated here have been reported by Durand (1964) and Shaw (1965) . The present work differs from the others in that it examines, over a wide range of pH values, the effect of the exchangeable cations. There are, however, discrepancies between the results for the amounts of organic material absorbed at low pH which may be due to differences in treatment and purity of the montmorillonites used.
In Fig. 4 . are compared the milliequivalents (meq) of measurable free Na § and Ca 2 § ions with the meq of absorbed adenine cations. The differences between absorbed adenine and free Na § and Ca 2 § respectively, must be attributed to protons and possibly also to AP § ions extracted from the silicate structure by proton attack. To check the extent of this attack, Na-montmorillonite (6 g/1.) was shaken during 24 hr with HC1 at various pH values and then treated for cation exchange with a 0.7 N BaCl2 and 0.05 M tartaric acid solution. The increase of exchangeable AP § due to the HCI treatment was at pH 4, 0.3 meq]100g, at pH 3, 2-0 meq/100 g, and at pH 2, 7.3 meq/100 g. Therefore, the difference between the adenine absorbed and the Na § or Ca 2 § released can be attributed mainly to protons absorbed. 
Basal spacings of montmorillonite suspensions in
pH range 2-7 X-ray powder diffraction photographs were taken principally of Na-and Ca-montmorillonite in water-organic media. A less complete series of photographs with Li-and Mg-montmorillonite showed that Li-behaved like Na-montmorillonite, and Mg-like Ca-montmorillonite. The basal spacings for Na-and Ca-montmorillonite fall into three groups and can be summarized as follows: Na-montmorillonite suspensions in water, with pH 2-7, show scattering at the smallest angles which Can be recorded indicating a range of spacings up to and beyond the 40 A limit of the camera, (Norrish and Rausell-Colom, 1963) . Ca-montmorillonite in water gave a clear diffraction ring corresponding to a spacing of about 19.0A. In the presence of planar heterocyclic compounds, both Na-and Ca-montmorillonite gave reflections from spacings of 12-5 ,~j these vary in intensity relative to the > 40A or 19.0A reflections, according to the circumstances of the experiments, and will be discussed later in relation to the absorption isotherms. With the non-planar nucleosides, spacings of about 16.6 and 19.6 ,~ were obtained respectively with Na-and Ca-montmorillonite, and these also will be discussed later.
DISCUSSION
The isotherms given in Figs. 1-3 show that the organic absorption is dependent on (i) the pH of the equilibrating solutions, (ii) the nature of the organic molecules, particularly their basicity and molecular constitution, and (iii) the inorganic exchangeable cations. The effects arising from any one variable cannot be considered without regard to the others because of the many equilibration processes involved. To simplify the presentation of these processes, the role of water is excluded even though in some reactions it may play an important part. The following processes must be considered: g of respectively Na-, Ca-montmorillonite, vs. equilibrium pH.
In these expressions, R=organic compound, RH + = organic cation, and X-mont. stands for X-montmorillonite with X Li, Na, 1/2 Mg, or 1[2 Ca. Process (1) is governed by the basicity of R and the equilibrium constant Ka is given by
Expressions (2), (3), and (4) represent cation exchange reactions and (5) and (6) absorption processes. Similar expressions have been given by Weber (1966) and applied in a study of the absorption of s-triazine compounds by a Wyoming bentonite (mainly Na-montmorillonite).
Water molecules may participate in these processes in various ways. In (2) and (3), X-montmorillonite is written more exactly as X(H20),-montmorillonite, and H-montmorillonite is probably H(H20)n-montmorillonite. In process (6), when R (neutral) is absorbed by X(H20)n-montmorillonite, the organic molecules may be associated directly with cations X, replacing some or all of (H20),, or directly with the silicate surface, or with the cations X via water molecules as discussed by Farmer and Mortland (1966) . In this last mechanism, water associated with a high-field cation (Mg 2+, Ca 2+) is considered to have a much-higher-than-normal degree of dissociation (Fripiat, 1964) , which can facilitate organic absorption. This higher-thannormal state of dissociation can give rise also to a lower effective pH in the interlayer volume than in the outer equilibrating solution.
With these considerations as a background, the absorption results will now be considered.
Influence of pH of equilibrating solution
Absorption at pH < pKa. Processes (1)-(5) mainly describe the absorptions under these conditions. As the amount of RH § increases, as a result of lowering the pH, RH-montmorillonite is formed by process (2). As shown by the data in Fig. 4 . and the related discussion, interlayer cations X are partially replaced by protons, process (3), and the resulting H-montmorillonite may absorb neutral R molecules to form RH-montmorillonite by their subsequent protonation, process (5). That high proton concentrations may reduce organic absorption is shown most clearly in Fig. 3 ., especially for Li-and Na-montmorillonite, and also in Fig. 1 . for the same montmorillonites.
Absorption at pKa < pH < 7. Processes (2), (3) and (5) are mainly important in this pH range, but (as pointed out earlier) the pH in the interlayer volume may be effectively much lower than in the external liquid, so that even when the measured pH is (for example) two units higher than PKa, the "internal" pH may be comparable with pKa.
Absorption at pH > 7. Under these conditions, the montmorillonite remains wholly or largely X-montmorillonite (there is the possibility of a small replacement of X by Na added in controlling the pH) and absorption, which is generally small, occurs by process (6). However, as stated earlier, the precise form in which the absorption occurs and the possible role of water molecules have not been ascertained.
Influence of the molecular constitution
Many molecular features, which cannot be individually varied in any set of experiments, may influence the organic absorption. These include basicity, size and steric structure of the molecules, aromatic or non-aromatic character and the possibility of coexisting resonance structures.
Role of basicity. According to processes (1) and (2) Aromatic character. The importance of the aromatic character and of the possible formation of several resonance structures of the cations is illustrated in Fig. 2d by the absorption isotherms of hypoxanthine, 5-amino-6-methyluracil (AMU), and adenine. On the basis of their pKa values, respectively 1.98, 3.28 and 4.22, the isotherms would be expected to occur in this sequence, but in fact the sequence is AMU-hypoxanthineadenine. AMU, both as a neutral molecule and in the protonated form as a cation, is non-aromatic whereas hypoxanthine and adenine (Cochran, 1951; Kleinwaechter et al., 1967) 
5-amino-6-methyluracil adenine cation cation
Correspondingly, the X-ray data show that small amounts of absorbed adenine give rise to the appearance of a 12.5,~ phase whereas large amounts of absorbed AMU give a rather imperfect 12.8A phase. Whether a possible interaction between the 7r-electrons of the aromatic cations with the oxygen sheet of the silicate structure, as discussed by Haxaire (1956) and by Haxaire and Bloch (1956) , is more important, or the delocalization of the positive charge over a large area, cannot be decided from the present results. The increased absorption of hypoxanthine in the range of pH 7-9 could arise from the formation of a complex of the form
where X + signifies the inorganic cation. As noted later, this absorption occurs only with Mg-and Camontmorillonite. Molecular size. Molecular size contributes to the absorption process through van der WaalsLondon forces which are particularly effective for large planar molecules. These forces have been computed by Pullman et al. (1965) for the neutral molecules of caffeine and some of the purines and pyrimidines. The outstandingly strong absorption of caffeine (Fig. 2.) , particularly at pH > 7, agrees with their results. Despite the low pKa value, 0.61, and non-aromatic character of the molecule, its large size (mol. wt. 194.2) compared with the sizes of other compounds considered (see Appendix) appears to be the determining factor. A similar, though much smaller, influence of molecular size on absorption is shown by the compounds 7-methyland 9-methyladenine (mol. wt. 149.2), see Fig. 1 .
The X-ray results for caffeine absorption in montmorillonite indicate a basal spacing of about 12.75 A corresponding to single sheets of caffeine molecules aligned parallel to (001). It is of interest to note that Hendricks (1941) found a spacing of 12.8 A after absorption of the non-aromatic compound 3-methylcytosine. Montmorillonite containing 5-amino-6-methyluracil also has a basal spacing of 12,8A. With caffeine and Na-montmorillonite, at pH > 7, a phase with basal spacing of 15"85 ,~ has been observed in the aqueous suspension which may arise either from double sheets of caffeine molecules or from an arrangement with molecules inclined to (001); the double sheet arrangement would be consistent with strong absorption forces between the silicate layers and the caffeine molecules. During drying, the 15"85 A phase disappears and only the 12.8 A phase is observed, so that water molecules doubtless play a role in the formation of the expanded phase. (Parenthetically these results indicate the importance of making the X-ray measurements on the absorption complexes under the conditions existing in the liquid system.)
Molecular structure. The non-planar character of the nucleoside molecules is probably the major factor causing their generally lower absorptions than those of the purines and pyrimidines. In other words, the high absorption to be expected from their large molecular size is offset by their nonplanar form. The X-ray results indicate phases with spacings about 16-6 A, in which the heterocyclic ring system is likely to be attracted to one silicate surface, with the sugar ring making a poor "contact" with the opposite surface. It appears that the van der Waals-London interaction energy suffices to overcome the normal cation hydration only when large amounts of the nucleosides are absorbed. A basal spacing of 13"35 A observed with small amounts of adenosine after drying over P205 requires a considerable flattening of the molecules and a considerable strain on the glycosidic bond; it occurs only with small amounts of adenosine.
Influence of the exchangeable cations
Figures 1-3 show that to a considerable extent the absorptions are very similar by Li-and Namontmorillonite, and by Mg-and Ca-montmorillonite. It was noted earlier that the basal spacings of the montmorillonites in water-organic media were similar with Li and Na clays, and with Mg and Ca clays. Detailed measurements were therefore restricted to a consideration of the absorption of adenine by Na-and Ca-montmorillonite and the desorption of the respective cations. The results are shown in Fig. 4 . Under acid conditions, the adenine is taken up principally in cationic form by process (2) and the amounts taken up are very similar for Na-and Ca-montmorillonite. However, from about pH 3 to 6.5, Ca is more readily displaced than Na, in terms of equivalents, and this must be attributed to process (3) operating to a larger extent when X = 1/2 Ca than when X = Na.
A possible explanation for these unexpected results can be suggested as follows: It appears that monovalent alkali cations have a marked tendency to be closely associated with the oxygen surfaces of the silicate layers and partially embedded within the quasi-hexagonal holes within limits set by their effective sizes, whereas the divalent cations tend to occupy positions between the layers. (See, for example, the results of (00/) Fourier syntheses by Pezerat and Meting (1967) and by Weiss (1967) , and of analyses of (hk) diffraction bands by Meting and Brindley (I 967)). The absorption of adenine cations by both Na-and Ca-montmorillonite gives complexes with basal spacings of about 12.5 ,~. This spacing permits the unexchanged Na ions to occupy their normal positions adjacent to the silicate layers and probably to be coordinated with three oxygens and three water molecules. The unexchanged Ca ions, if constricted to positions between the silicate layers, cannot surround themselves with the normal octahedral group of water molecules. Consequently it appears that the 12-5 A spacing set by the adenine cations 'squeezes out' Ca ions and takes in HaO ions which fit the geometry more appropriately.
Marked differences are observed in the absorptions of nucleosides by Li-and Na-montmorillonite on the one hand and by Mg-and Ca-montmorillonite on the other hand. In agreement with the observations that sugars (Greenland, 1956 ) are absorbed more strongly by the more highly dispersed montmorillonites, it is observed that Li-and Namontmorillonite have a markedly greater absorption of the nucleosides than have Mg-and Camontmorillonite.
A further observation related to the interlayer cations is the absorption peak in the range pH 7-9 shown by Mg-and Ca-montmorillonite for hypoxanthine which has been mentioned previously; Li-and Na-montmorillonite scarcely show this kind of absorption.
SUMMARY AND CONCLUSIONS
These studies have shown that absorption of nucleic-acid related pyrimidines, purines, and nucleosides by Li-, Na-, Mg-, and Ca-montmorillonite from dilute aqueous solutions takes place principally in the acidic pH range. Of the nineteen compounds studied, only thymine, uracil, and their nucleosides are not absorbed under the experimental conditions used. Absorption of the other compounds is due mainly to cation exchange and depends particularly on pH and the pKa values of the compounds. Also important, however, are the aromatic character of the molecules and their van der Waals interaction with the silicate layers. The effect of the inorganic cations on the organic absorption is mainly secondary but when their replacement by organic cations is considered quantitatively it is apparent that H or (H,~O) ions also enter significantly into the exchange processes. The absorption of nucleosides depends considerably on the initial cations, being greater for the more highly dispersed monovalent ion montmorillonites than the less expanded divalent ion montmorillonites. *Determined according to methods described by Rosenblatt (1954) , and by Dixon, Woodberry, and Costa (1947) .
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